Introduction
Generation of equal progeny through bacterial cell division depends on accurate replication and segregation of the genetic material and on strict coordination between these processes and cytokinesis. The members of the conserved FtsK/SpoIIIE family of DNA translocases, which synchronize the late stages of cell division with chromosome segregation (Kaimer and Graumann, 2011; Crozat et al., 2014) , are among the several effectors required for successful completion of the bacterial cell cycle. All known members of this family share a Cterminal ATPase domain, which forms homo-hexameric DNA motors responsible for the translocation of the DNA away from the division site, thus avoiding its catastrophic bisection by the septum (Kaimer et al., 2009; Massey et al., 2006; Bath et al., 2000; Crozat et al., 2014) . The C-terminal motor is connected via a linker to a poorly conserved N-terminal domain that often mediates functions unrelated to DNA translocation. The Nterminal domain is also responsible for the septal/membrane localization of FtsK/SpoIIIE proteins despite the absence, in some cases, of an obvious membranespanning region (Crozat et al., 2014) .
Escherichia coli cells express only one septal DNA translocase, FtsK, a multifunctional protein that links three essential cell division steps: formation of the division septum, chromosome segregation and resolution of chromosome physical links. The essential FtsK Nterminal domain (FtsK N ), which has four transmembrane regions (Dorazi and Dewar, 2000) , localizes the protein to the septum and is involved in the assembly of the division apparatus (Draper et al., 1998; Wang and Lutkenhaus, 1998; Yu et al., 1998; Chen and Beckwith, 2001; Bisicchia et al., 2013) . This domain is linked to the C-terminal DNA motor (FtsK C ) by a long linker that is required for the establishment of important interactions between FtsK and other divisome proteins (Bigot et al., 2004; Dubarry et al., 2010) . FtsK C clears DNA from the division site and controls the removal of the physical links that might persist after replication between sister chromosomes, namely chromosome dimers and intercatenation links (Steiner et al., 1999; Perals et al., 2001; Capiaux et al., 2002; Espeli et al., 2003; Bigot and Marians, 2010) .
In Bacillus subtilis, two DNA translocases with distinct roles, SpoIIIE and SftA, ensure proper coordination between cell division and chromosome segregation (Wu and Errington, 1994; Wu et al., 1995; Biller and Burkholder, 2009; Kaimer et al., 2009) .
B. subtilis SpoIIIE was identified for its essential activity during sporulation (Wu and Errington, 1994) . One of the first steps of spore development is the formation of an asymmetric septum to separate the mother cell from the future spore. When this septum assembles, only the origin-proximal region of the chromosome is positioned in the forespore region. Approximately two-thirds of the DNA destined for the spore are still incorrectly located in the mother cell and have to be transported across the septum by SpoIIIE (Wu et al., 1995; Wu and Errington, 1997; Bath et al., 2000) . As the sporulation septum closes around the DNA, SpoIIIE molecules assemble into a SpoIIIE pump at the septal midpoint to mediate DNA translocation (Wu and Errington, 1997; Fleming et al., 2010; Fiche et al., 2013; Yen Shin et al., 2015) . These SpoIIIE complexes are also formed in vegetative septa (Kaimer et al., 2009; Fiche et al., 2013) , but only frequently in conditions that impair proper chromosome management, such as in the absence of B. subtilis chromosome organization protein SMC (Kaimer et al., 2009) .
SpoIIIE DNA translocation activity during vegetative growth is complemented by that of SftA (Biller and Burkholder, 2009; Kaimer et al., 2009) , which localizes at the septum throughout the cell cycle. The septal localization of SftA requires a properly assembled FtsZ-ring and is mediated by its N-terminal and linker domains, despite the absence of a predicted transmembrane domain (Kaimer et al., 2009) . Under normal growth conditions, the absence of SftA causes only a small increase in the number of chromosomes bisected by the septum (Biller and Burkholder, 2009 ). However, the important role of the protein becomes evident when the normal organization, replication and/or segregation of the DNA is perturbed. In these situations, the number of septa formed over unsegregated DNA rises, increasing the need for a DNA translocase (Biller and Burkholder, 2009; Kaimer et al., 2009) . Importantly, the phenotypic defects that result from the absence of SftA C-terminal translocase domain are the same as those resulting from complete deletion of sftA, indicating that SftA is most likely a monofunctional protein (Biller and Burkholder, 2009; Kaimer et al., 2009) . In contrast, SpoIIIE has a second, independent, role in mediating membrane fission during sporulation (Liu et al., 2006; Fleming et al., 2010) .
Cell division and chromosome segregation have been studied mostly in the rod-shaped organisms E. coli and B. subtilis and little is known about the mechanism that ensures proper segregation of the chromosomes in bacteria with a spherical shape. Staphylococcus aureus, a pathogenic cocci model organism (Zapun et al., 2008; Pinho et al., 2013) , well known for its virulence and ability to acquire resistance to virtually all known classes of antibiotics (Klevens et al., 2007; Boucher and Corey, 2008) , has a characteristic mode of division in three ordered orthogonal planes over successive division cycles (Koyama et al., 1977; Tzagoloff and Novick, 1977; Pinho et al., 2013) . This mode of division implies that the S. aureus chromosomes have to segregate along three consecutive perpendicular axes, contrary to rod-shaped bacteria in which the chromosomes always segregate along the long axis of the cell. Additionally, due to the small size of a staphylococcal cell (1 lm diameter), not much larger than a B. subtilis spore, chromosome segregation may be under high spatial constraints and could require the activity of DNA translocases to move, in a timely manner, sister chromosomes into the two daughter cells compartments. In fact, S. aureus cells encode two putative DNA translocases belonging to the FtsK/SpoIIIE family, SpoIIIE (Yu et al., 2010) , the close homologue of B. subtilis SpoIIIE and FtsK that shares a high degree of identity with B. subtilis SftA and E. coli FtsK proteins.
In this work, we show that S. aureus requires at least one of the two DNA translocases, which act through redundant pathways to ensure proper management of the chromosomes.
Results and discussion
S. aureus expresses two putative DNA translocases of the FtsK/SpoIIIE family The S. aureus chromosome encodes two genes, identified in NCTC8325 NCBI genome database as SAOUHSC_01253 and SAOUHSC_01857, which encode homologues of the two B. subtilis DNA translocases, SpoIIIE and SftA respectively.
The product of the gene SAOUHSC_01253, named SpoIIIE (Yu et al., 2010) , is a close homologue of the B. subtilis SpoIIIE protein (45.9% identity, LALIGN), with 747 amino acids and a calculated molecular mass of 83.4 kDa. The protein encoded by SAOUHSC_01857 is the S. aureus homologue of the E. coli FtsK and B. subtilis SftA proteins, and was named FtsK in this work. This is a 1274-residue-long protein with a predicted mass of 144.7 kDa that, like its SftA counterpart, is predicted to be soluble (TMHMM Server v. 2.0). The putative role of FtsK as a DNA translocase is suggested by the high degree of homology between its C-terminal domain and the DNA translocase motors of FtsK and SftA (44.4% and 60.6% amino acid identity respectively).
Lack of S. aureus SpoIIIE causes chromosome condensation
To investigate the function of S. aureus SpoIIIE we constructed a knockout mutant of this gene, in the background of NCTC8325-4, named 8325-4DspoIIIE. The spoIIIE gene sequence was almost entirely removed from the S. aureus chromosome except for 64 bp at the 3 0 end (Yu et al., 2010) which most likely contain the RBS for the ymfC gene, located downstream of spoIIIE. Deletion of spoIIIE did not alter growth rate (duplication time of both 8325-4DspoIIIE and NCTC8325-4 strains was 28 6 1 min, at 378C in rich medium), but it mildly affected the normal organization and distribution of the chromosomes ( Fig. 1 and Supporting Information Fig. S1 ). A spoIIIE deletion mutant in the background of S. aureus SA113 strain has been previously reported to have a very mild phenotype, with 0.7% of anucleate cells, 0.4% of cells with uneven chromosome distribution and 0.8% of cells with increased DNA content (Yu et al., 2010) , which may correspond to condensed DNA. When we labelled 8325-4DspoIIIE cells with membrane and DNA dyes, we observed 0.5% of anucleate cells. However, the most frequent phenotype was the presence condensed nucleoids, observed in 7.6% of SpoIIIE knockout mutant cells (n 5 920), 0.9% of which were bisected by the septum (Fig. 1 and Supporting Information Fig. S1 ). This is in contrast with wild-type NCTC8325-4 population (n 5 969) that only presents 0.3% of anucleate cells, 0.3% of cells with condensed DNA and no cells with condensed nucleoid bisected by the septum (Supporting Information Fig. S1B ). These phenotypes could be partially rescued by the ectopic expression of spoIIIE under the control of its native promoter, at the ectopic spa locus (strain 8325-4DspoIIIE Dspa::P spoIIIE -spoIIIE) (Supporting Information Fig.  S1B ).
Importantly, the defects caused by the lack of a complete SpoIIIE protein were equivalent to those obtained upon deletion of the SpoIIIE C-terminal domain alone, in strain 8325-4DspoIIIE C (Supporting Information Fig.  S1B ), suggesting that either the N-terminal region of S. aureus SpoIIIE is not stable in the absence the Cterminal domain or that SpoIIIE functions are mediated only by its C-terminal domain.
We were surprised to observe that the main phenotype associated with the absence of an S. aureus protein predicted to have a role on chromosome segregation was the abnormal condensation of the chromosomes. Therefore, and in order to establish if nucleoid condensation is a typical phenotype of deficient chromosome segregation/management in S. aureus, we studied chromosome morphology in the absence of S. aureus RecU, XerC or RecA homologues, proteins with a well-established role on chromosome segregation in other organisms. We have previously shown that DNA condensation was the main defective phenotype in cells depleted for the Holliday junction resolvase RecU (Pereira et al., 2013) (Fig. 2) . XerC is a site-specific tyrosine recombinase (reviewed in Midonet and Barre, 2014) , whose chromosome dimer resolution function in E. coli is strictly dependent on FtsK (Steiner et al., 1999; Capiaux et al., 2002; Corre and Louarn, 2002; Massey et al., 2004) . The S. aureus XerC protein shares 36.2% identity with its E. coli homologue and its absence causes a similar (albeit more frequent) chromosome condensation phenotype ( Fig. 2 ; 56% of the total 8325-4DxerC population n 5 208) as that observed in the absence of SpoIIIE, in strain 8325-4DspoIIIE. Analysis of S. aureus 8325-4DrecA mutant, lacking the multifunctional protein RecA with roles in SOS induction, DNA repair and restart of stalled replication forks (McGrew and Knight, 2003; Cox, 2007; Baharoglu and Mazel, 2014) , showed that absence of RecA is very detrimental to S. aureus growth. The 8325-4DrecA cells had severe alterations in size and morphology as well as nucleoid condensation or DNA absence (Fig. 2) . Nucleoid condensation was also the main consequence of exposing S. aureus NCTC8325-4 wild-type cells for 1 h to the minimal inhibitory concentration (MIC) of nalidixic acid (Fig. 2) , a fluoroquinolone antibiotic which targets DNA gyrase and topoisomerase IV causing replication arrest (Fabrega et al., 2009) . Therefore, condensation of the nucleoid is strongly associated with various conditions expected to affect chromosome replication and segregation.
Interestingly, chromosome condensation was often accompanied by abnormal membrane labelling (Nile red foci that may correspond to membrane bulges). However, as discussed below (Fig. 9B ), this membrane alteration is more likely to be a consequence than a cause of DNA condensation, as membrane defects do not precede nucleoid condensation and were not seen in cells with apparent normal chromosome morphology.
S. aureus SpoIIIE assembles in foci at the centre of closing septa
In order to monitor the localization of SpoIIIE in live S. aureus cells, we have constructed strain 8325-4spoIIIE-yfp which expresses a C-terminal YFP fusion to SpoIIIE, from the spoIIIE chromosomal locus and under the control of its native promoter, as the only SpoIIIE copy in the cell. The fact that this strain did not show increased frequency of cells with condensed DNA (0.4%, n 5 965) or nucleoids bisected by the septum (0%), compared with the parental strain NCTC8325-4 (0.3% of cells with condensed DNA; no cells with condensed DNA bisected by the septum), indicated that the SpoIIIE-YFP fusion was functional. Moreover, detection of YFP fluorescence signal in a total protein extract of strain 8325-4spoIIIE-yfp showed that the protein fusion was not cleaved (Supporting Information Fig. S2 ).
The majority of cells had SpoIIIE-YFP distributed throughout the peripheral and septal membranes (cells '1' in Fig. 3A ), while in 19% of the population (n 5 506) SpoIIIE-YFP molecules clustered in bright fluorescent foci (cells '2' and '3' in Fig. 3A ), most likely SpoIIIE DNA pumps, similar to those found in B. subtilis (Wu and Errington, 1997; Fleming et al., 2010; Fiche et al., 2013;  Yen Shin et al., 2015) . However, determining the fraction of the total cell population that has SpoIIIE foci does not take into account that the activity of a SpoIIIE pump is, most likely, required only at late stages of septum synthesis, that is, when the septum is closing and DNA has to be cleared from the septal region in order to avoid bisection. In fact, when we considered only cells that were at least 3/4 through septum synthesis/constriction, the fraction of cells with a SpoIIIE focus increased to 50% (n 5 101, example in Fig. 3B ). These cells were defined as those with a septal aperture of 250 nm, as inferred from the analysis of 3D SIM images of 8325-4spoIIIE-yfp cells incubated for 1 h with the fluorescent derivative of 3-amino-D-alanine HADA (Kuru et al., 2012) that labels the cell wall layer. These images also show that the SpoIIIE-YFP clusters, which correspond to the localization of C-terminal DNA translocase domains, were formed inside the septal aperture, in the centre of the cell (Fig. 3B) . The fact that 50% of cells completing septum synthesis seem to require a SpoIIIE pump at the septal region suggests that this protein may be required for the normal cell cycle of S. aureus, even when the cells are not under stress conditions that cause DNA replication/segregation problems.
In 4.8% of 8325-4spoIIIE-yfp cells, the observed SpoIIIE-YFP foci were not present in the centre of the septum, either because cells did not have a division septum (3.0%, cell '3' in Fig. 3A ) or because the foci did not colocalize with the existing septum (1.8%, data not shown). It is likely that these SpoIIIE foci correspond to complexes assembled during the previous cell cycle that remain associated with the membrane of the daughter cells.
As stated above, during B. subtilis vegetative division, the frequency of SpoIIIE foci increases in conditions that affect the normal organization and segregation of the chromosomes (Kaimer et al., 2009) . To determine if the number of S. aureus cells with a SpoIIIE focus in S. aureus also increased under circumstances that affect the normal chromosomal dynamics, we studied the localization of SpoIIIE-YFP (i) after treatment with nalidixic acid, which impairs proper chromosome replication/segregation (Fabrega et al., 2009) and (ii) in the absence of the nucleoid occlusion effector Noc, an FtsZ inhibitor that binds to DNA impeding Z-ring assembly over DNAoccupied areas (Wu and Errington, 2004; Veiga et al., 2011) . We reasoned that the fraction of cells requiring SpoIIIE pumps could increase in the absence of Noc given that in those conditions FtsZ polymerizes on top A. SIM images of SpoIIIE-YFP localization in 8325-4spoIIIE-yfp cells. The panels (top to bottom) show SpoIIIE-YFP fluorescence, cell wall labelled with the Fluorescent D-amino acid (FDAA) HADA and a merge of the two channels. SpoIIIE can be found distributed at the peripheral and septal membranes (1), forming foci at the centre of the septum, usually in a late stage of septum synthesis (2) or in foci at the peripheral membrane (3). Scale bar 1 mm. B. Projection of a 3D-SIM image of a cell in an advanced stage of septum synthesis with a SpoIIIE-YFP foci in the centre (cells '2' in panel A) showing that the SpoIIIE foci are formed before septum closure. The top panel shows the cell wall labelled with HADA and the bottom panel shows a merge of this channel with the SpoIIIE-YFP signal. Scale bar 1 mm. C. Analysis of SpoIIIE-YFP (111 kDa) expression levels in strains 8325-4spoIIIE-yfp (1), 8325-4Dnoc spoIIIE-yfp (2) and 8325-4spoIIIE-yfp incubated for 30 min with nalidixic acid (3), showing that SpoIIIE is not produced at higher levels in the absence of Noc or under impaired chromosome replication/segregation conditions. Supporting Information Fig. S2 shows the complete gel.
of the chromosomes, causing septum bisection of the DNA in 15% of the cells (Veiga et al., 2011) . Indeed, the number of S. aureus cells with SpoIIIE foci increased almost twofold in the Noc deletion mutant 8325-4Dnoc spoIIIE-yfp (35% of cells with a SpoIIIE-YFP focus; n 5 338), compared with the parental strain 8325-4spoIIIE-yfp (19%; n 5 506). The number of cells with a SpoIIIE bright focus also increased to 35% after incubation for 30 min with 53 the MIC of nalidixic acid (n 5 316). Importantly, the increased number of cells with SpoIIIE-YFP foci was not due to more cells being at a late stage of septum constriction, as the fraction of the population at this cell cycle stage was not altered in the presence of nalidixic acid or in the absence of Noc (data not shown). Furthermore, expression levels of SpoIIIE-YFP (controlled by spoIIIE native promoter) were not altered in these conditions ( Fig. 3C and Supporting Information Fig. S2 ), indicating that the formation of SpoIIIE pumps does not result from increased SpoIIIE levels, but from the septal recruitment of SpoIIIE molecules previously scattered along the membrane.
Lack of FtsK C-terminal DNA motor domain does not impair correct chromosome segregation Our data suggests that, in at least 50% of the cells, SpoIIIE has a transient function in the S. aureus cell cycle, namely during the stage of septum closure, assembling in a complex in the centre of the closing septum presumably to assist chromosome segregation. However, its activity is not essential, as only 8% of SpoIIIE knock-out cells showed abnormal chromosome management phenotypes. This prompted us to study the function of FtsK, the second DNA translocase of the FtsK/SpoIIIE family present in S. aureus. For that purpose, we started by constructing strain 8325-4DftsK in which the entire ftsK coding sequence was removed from the genome. This mutant, when observed by fluorescence microscopy, presented several morphological and cell division defects, including cell size heterogeneity and the existence of multi-septated cells (Supporting Information Fig. S3A ), that could be complemented by the expression of FtsK NL , a truncated version of FtsK protein containing FtsK N-terminal and linker domains (between amino acids 1 and 815), but lacking the DNA translocase Cterminal domain (Supporting Information Fig. S3D ). These results suggest that FtsK may be a multifunctional protein with the N-terminal and linker domains having an important role in cell division. Since we wanted to address specifically the DNA translocation function of FtsK, we constructed NCTC8325-4 strains in which the FtsK C-terminal domain alone was either removed or inactivated. The FtsK Cterminal deletion mutant was constructed by removing from the genome the sequence encoding for this domain, namely from codon 816 to 1274. To inactivate the C-terminal DNA motor without removing it, a conserved lysine of the Walker A motif was substituted by an alanine (K971A). The corresponding substitution was already shown in E. coli and B. subtilis (Bigot et al., 2004; Kaimer et al., 2009) to inactivate the ATPase activity of FtsK and SftA DNA motor domains, respectively, which prevents DNA translocation.
The FtsK C-terminal deletion mutant, 8325-4DftsK C , and the FtsK Walker A mutant, 8325-4ftsK K971A , had the same duplication rate as the parental strain (28 6 1 min and 27 6 1 min respectively) and did not show any obvious morphological or chromosome segregation defects ( Fig. 4 and Supporting Information Fig. S3B, C) . Even in the presence of nalidixic acid, we saw only a modest increase in the number of cells with the septum positioned over the DNA (4.7% of 8325-4DftsK C cells, n 5 359) when compared with the parental strain in the same conditions (3.3% of NCTC8325-4 cells, n 5 451). This suggests that in the presence of SpoIIIE, FtsK is not required for correct chromosome partitioning. (Fisher and DeLisa, 2008) fused to the Nterminal of FtsK as the only FtsK copy in the cell. This fusion was functional since its expression, controlled by the ftsK native promoter at its native locus, did not cause the phenotypic defects observed in the 8325-4DftsK strain (see Supporting Information Fig. S3A ).
FtsK was found to localize at the division septum throughout the constriction process (Fig. 5A ). Given that FtsK does not have a predicted transmembrane domain, we tested which region of the protein Notice that sfGFP-FtsK and sfGFP-FtsK NL signals are detected above the predicted molecular weight and that sfGFP-FtsK C seems to multimerize. The fluorescent band with a molecular weight between 55 and 70 kDa detected in all strains' extracts, likely corresponds to an auto-fluorescent protein, rather than to sfGFP cleavage product as it is also present in the parental strain NCTC8325-4 (lane 1) which does not express GFP.
was responsible for septal localization. To address this question, we determined the ability of the different FtsK domains to properly localize to the septum in the background of 8325-4DftsK strain, using sfGFP fusions (that we showed not to be cleaved, Fig. 5C ) expressed from the pCNX plasmid (Monteiro et al., 2015) .
As shown in Fig. 5B , FtsK localization was strictly dependent on the N-terminal and linker domains, as deletion of the C-terminal domain (sfGFP-FtsK NL ) did not impair septal localization, while the individual expression of this domain, in strain 8325-4DftsK sfGFP-FtsK R C , was not sufficient for proper FtsK localization.
For co-visualization of SpoIIIE and FtsK a new fluorescent fusion to FtsK was necessary, in order to avoid overlap between the YFP and GFP signals when performing fluorescence microscopy studies. Since we could not obtain an N-terminal CFP fusion to FtsK, we constructed a C-terminal FtsK-CFP fusion expressed from the ftsK native locus. To this end, pBCBHV018 plasmid was integrated into the genome, placing the ftsK-cfp fusion under the control of ftsK native promoter, while a native ftsK copy was placed under the control of P spac promoter. The solo expression of the FtsK-CFP fusion in the absence of IPTG, resulted in a small percentage of cells with more than one septum (data not shown), showing that the fusion is not fully functional. However, the concomitant expression of FtsK-CFP and the native FtsK copy in the presence of 0.1 mM IPTG suppressed the defects. Importantly, the FtsK-CFP protein showed the same localization pattern as sfGFPFtsK. Next, FtsK-CFP was expressed together with SpoIIIE-YFP in strain 8325-4spoIIIE-yfp ftsK-cfp. In this strain, FtsK localized at the leading edge of the septum during constriction, while SpoIIIE was distributed throughout the cell membrane (including the septum) and formed bright foci in cells in a late stage of septum synthesis. By analysing 8325-4spoIIIE-yfp ftsK-cfp cells (n 5 763) at different stages of septum formation, we observed that the DNA motors of these two proteins often did not have the same localization pattern (Fig. 6) , suggesting that SpoIIIE and FtsK may act at different locations and/or time points of the cell cycle.
To test if SpoIIIE and FtsK localization patterns changed in the absence of the other DNA motor, we constructed strain 8325-4DspoIIIE sfgfp-ftsK that expressed sfGFP-FtsK in the absence of SpoIIIE, and strain 8325-4spoIIIE-yfp DftsK C that expressed SpoIIIE-YFP in the absence of the C-terminal of FtsK. As shown in Fig. 7A , sfGFP-FtsK recruitment to the division septum did not change in the absence of SpoIIIE. Likewise, the absence of a functional FtsK DNA motor did not change the normal localization pattern of SpoIIIE (Fig.  7B) . The protein still localized throughout the cell membrane and the number of foci increased only slightly, from 19% in the parental strain 8325-4spoIIIE-yfp to 23% in 8325-4spoIIIE-yfp DftsK C population (n 5 374).
Finally, we enquired if the expression levels of SpoIIIE and FtsK changed in response to the absence of the other DNA motor. For that purpose, we used two pairs of strains (i) 8325-4spoIIIE-yfp and 8325-4spoIIIE-yfp DftsK C which expressed SpoIIIE-YFP as the sole copy of SpoIIIE, either in the presence or in the absence of the C-terminal domain of FtsK and (ii) 8325-4sfgfp-ftsK and 8325-4DspoIIIE sfgfp-ftsK which expressed sfGFPFtsK as the sole FtsK copy, in the presence or absence of SpoIIIE. Importantly, SpoIIIE-YFP and sfGFP-FtsK were under the control of spoIIIE and ftsK native promoters respectively. Analysis of these strains showed that SpoIIIE-YFP expression levels were not altered in the absence of FtsK C-terminal domain and, conversely, that sfGFP-FtsK levels were not altered in the absence of SpoIIIE (Fig. 7C ).
Together our data shows that SpoIIIE and FtsK DNA translocases have (partially) redundant roles but localize and are expressed independently of each other, reinforcing the idea that the two proteins act through independent pathways.
Deletion of both DNA translocases has a synergistic effect
Given that deletion of either the SpoIIIE or the FtsK DNA motors alone did not have a major impact on chromosome management/segregation, we tested the effect of simultaneously removing the two DNA translocases. For that purpose, we generated strains 8325-4DspoIIIE DftsK C and 8325-4DspoIIIE ftsK K971A by knocking out the spoIIIE gene in the backgrounds of FtsK C-terminal and FtsK Walker A mutants respectively. Both double mutants showed much more severe chromosome morphology defects than the single mutants ( Fig. 8 and Table 1 ). The DNA translocase double mutants had longer duplication times (Table 1) and approximately half the number of colony forming units for the same optical density (Supporting Information Fig. S4 ) than each individual mutant. Furthermore the double mutants had over threefold more cells with chromosome condensation defects and were less resistant to the DNA replication-targeting antibiotic nalidixic acid than individual mutants (Table 1 ), suggesting that the two proteins are indeed (partially) redundant. Deficient chromosome management, with impairment of DNA replication and/or segregation, can lead to DNA lesions, for example due to bisection by the septum, and consequent induction of an SOS response (Baharoglu and Mazel, 2014) . To evaluate SOS response activation in the SpoIIIE FtsKc double mutant, we introduced a fluorescent SOS-reporter system in the background of wild-type NCTC8325-4 and of the double mutant 8325-4DspoIIIE DftsK C strains. For that, we introduced sfgfp downstream of the recA native promoter (after the first 33 recA codons), while maintaining an unaltered copy of recA under the control of its native promoter. During an SOS response, the recA promoter is derepressed (Baharoglu and Mazel, 2014) which should lead to an increase in sfGFP fluorescence in the reporter strain. We confirmed that the SOS reporter system was functional, as treatment of 8325-4PrecAgfp strain (NCTC8325-4 with SOS-reporter system) with the antibiotic Mitomycin C, a causative agent of DNA crosslinks (Iyer and Szybalski, 1963) , induced sfGFP expression (Fig. 9A) .
SIM images of the SpoIIIE FtsKc double mutant harbouring the SOS-reporter system (strain 8325-4DspoIIIE DftsK C PrecAgfp), showed that PrecA is activated in 30% of the cells (n 5 270), while only 1% of wild-type 8325-4PrecAgfp population (n 5 565) showed an increased sfGFP fluorescence (Fig. 9A) . From the total number of SpoIIIE FtsKc double mutant cells showing SOS induction, 84% (n 5 82) also had condensed chromosomes (cells '1' in Fig. 9A ). There were also a few cells (4.8% of the total population) with activated SOS system but apparent normal chromosome morphology (cells '3' in Fig. 9A ). However, it is likely that their chromosome would eventually condense, as similar cells studied by time-lapse microscopy underwent chromosome condensation (see examples of type '3' in Fig.  9B ). Importantly DNA condensation may occur independently of DNA damage, as 20% (n 5 86) of the cells with a condensed nucleoid did not show PrecA activation (cells labelled '2' in Fig. 9A,B) . Interestingly, timelapse microscopy observation of 8325-4DspoIIIE DftsK C PrecAgfp cells (Fig. 9B) showed that the membrane bulging defects associated with DNA condensation were not originated prior to nucleoid condensation, which suggests that they are a consequence of DNA compaction rather than a direct effect of SpoIIIE and FtsKc absence.
Altogether, these results confirmed that the absence of both S. aureus FtsK/SpoIIIE protein motors affects the normal management of the chromosome, which in A. sfGFP-FtsK localized at the septum in SpoIIIE deletion mutant, similarly to the 8325-4sfgfp-ftsK parental strain (see Fig. 5A ). B. Likewise, the SpoIIIE-YFP pattern of localization was not altered in the absence of FtsK C-terminal domain. Scale bars 1 mm. C. Analysis of SpoIIIE-YFP (111 kDa) and sfGFP-FtsK expression in a wild-type background (1 and 3 respectively) and in the absence of the other DNA motor (2 and 4 respectively), showing that SpoIIIE and FtsK expression was not interdependent. Notice that, although sfGFP-FtsK protein has a predicted molecular weight of 172 kDa, it runs above the 250 kDa marker. most cases leads to genotoxicity and the consequent induction of the SOS system.
Concluding remarks
FtsK/SpoIIIE DNA translocases have an important role in synchronizing segregation of the chromosomes with cell division during sporulation and vegetative growth of several bacteria (Wang et al., 2006; Barre, 2007; Wang et al., 2007; Kaimer and Graumann, 2011; Crozat et al., 2014) . Nevertheless, it remained unclear at which level these proteins are required during the division cycle of cocci, like S. aureus, that segregate the chromosomes along three consecutive perpendicular axes.
In this study, we investigated the two putative DNA translocases of S. aureus SpoIIIE and FtsK. SpoIIIE molecules were usually scattered along the cell membrane and were recruited to the centre of the septum to form a SpoIIIE focus in 50% of the cells that had completed at least 3/4 of septum synthesis, but often before the septum was fully closed. The fact that such a (Sharpe and Errington, 1995) and (ii) simultaneous deletion of sftA (ftsK homologue) and spoIIIE has a relatively mild effect during vegetative growth (Biller and Burkholder, 2009; Kaimer et al., 2009) . We suggest that the two S. aureus DNA translocases have at least partially redundant roles and do not operate in the same linear pathway. S. aureus cocci cells require the presence of at least one DNA translocase for normal chromosome segregation, either because physical links in chromosomes are frequently generated during replication and have to be resolved by FtsK/ SpoIIIE proteins or because the spatial constraints caused by the small size of the cells impair chromosome segregation in the absence of a dedicated DNA motor.
Experimental procedures

Bacterial strains and growth conditions
The plasmids and bacterial strains used in this study are listed in Supporting Information Tables S1 and S2 respectively. All the procedures regarding the construction of S. aureus mutant strains are described in Supporting Information. S. aureus strains were grown in tryptic soy broth (TSB, Difco) or on tryptic soy agar (TSA, Difco), at 378C with aeration. The growth medium was supplemented, when required, with 100 lg ml 21 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside (X-Gal; BDH Prolabo), 0.2 mM cadmium chloride (Sigma-Aldrich), 0.1 mM isopropyl b-Dthiogalactopyranoside (IPTG, Apollo Scientific) and/or the appropriate antibiotics (10 lg ml 21 erythromycin, 50 lg ml 21 kanamycin and neomycin [each] ; Sigma-Aldrich).
Analysis of growth of S. aureus strains
Overnight liquid cultures of S. aureus strains NCTC8325-4, 8325-4DspoIIIE, 8325-4DftsK C , 8325-4ftsK K971A , 8325-4DspoIIIE DftsK C and 8325-4DspoIIIE ftsK K971A , were diluted (1:1000) into fresh TSB media and incubated at 378C with aeration. Growth was analysed by measuring, at regular intervals, the optical density at 600 nm (OD 600 nm ) of the cultures. Experiments were performed in triplicate.
Determination of the minimal inhibitory concentration (MIC)
The nalidixic acid MICs for SpoIIIE and FtsK single and double mutant strains, as well of 8325-4PrecAgfp MIC to mitomycinC, were determined in liquid TSB medium by a micro-dilution method. Overnight cultures were added, at a final cell density of 5 3 10 5 CFU ml
21
, to wells of a 96-well plate containing twofold dilutions of the antibiotic and plates were incubated for 24 h at 378C. The MIC was recorded as the lowest antibiotic concentration that inhibited bacterial growth. All MIC determinations were performed in triplicate.
Analysis of the expression of fluorescent proteins in S. aureus
To detect SpoIIIE-YFP, sfGFP-FtsK, sfGFP-FtsK NL and sfGFP-FtsK C expression and compare the expression levels of (i) sfGFP-FtsK between 8325-4sfgfp-ftsK and 8325-4DspoIIIE sfgfp-ftsK, (ii) SpoIIIE-YFP levels between 8325-4spoIIIE-yfp, 8325-4spoIIIE-yfp DftsK C and (iii) SpoIIIE-YFP levels between 8325-4Dnoc spoIIIE-yfp and 8325-4spoIIIE-yfp incubated or not for 30 min with nalidixic acid, total protein extracts from each strain were prepared. For that purpose, mid-exponential phase cells were harvested, resuspended in 13 Phosphate Buffered Saline (PBS) and disrupted with glass beads in a Fast Prep FP120 homogenizer (Thermo Electro Corporation). The total protein content of the extracts was quantified by the Bradford method, using bovine serum albumin as a standard (BCA protein assay kit, Pierce) and equal amounts of protein, from each sample, were loaded onto an 8% SDS-PAGE gel and separated at 120 V. Gel images were acquired on a Fuji FLA 5100 laser scanner (Fuji Photo Film) using 473 nm laser for YFP and GFP fusions and 635 nm laser for detection of protein molecular weight marker.
Microscopy
S. aureus strains were grown overnight, in TSB at 378C, with appropriate antibiotic selection and, the next day, diluted (1:1000) in fresh TSB. 8325-4spoIIIE-yfp ftsK-cfp culture was supplemented with 0.1 mM IPTG and all strains expressing FtsK derivatives from pCNX plasmid were grown in the presence of 0.2 mM Cadmium Chloride.
To label the DNA and the membrane, 1 ml of the midexponential phase cultures were incubated with the DNA dye Hoechst 33342 (1 lg ml
21
, Invitrogen) and the membrane dyes Nile Red (5 lg ml
, Invitrogen) or FM5-95 (1 lg ml
, Invitrogen) at room temperature for 5 min. The effect of nalidixic acid on the FtsK C-terminal deletion mutant was tested by growing NCTC8325-4 and 8325-4DftsK C cells until OD 600 nm 0.5 and adding 800 lg ml 21 nalidixic acid to the medium. After antibiotic addition, the cultures were incubated for 30 min at 378C, and then labelled with Hoechst 33342 and Nile Red.
To determine SpoIIIE-YFP localization in the presence of nalidixic acid, 8325-4spoIIIE-yfp cells were grow until OD 600 nm 0.5, at which point the antibiotic was added to the medium (800 lg ml 21 nalidixic acid). One aliquot was kept without antibiotic as a control. The cultures were then incubated for 30 min at 378C, prior to SpoIIIE-YFP visualization.
To test the effect of nalidixic acid on NCTC8325-4 chromosome morphology as well as the effect of mitomycinC on the activation of PrecA in strain 8325-4PrecAgfp, cultures were grown respectively until OD 600 nm 0.3 and 0.5. At this point the cultures were split in half, and 160 lg ml 21 of nalidixic acid or 0.625 lg ml 21 of mitomycinC were added to one of the NCTC8325-4 or 8325-4PrecAgfp cultures respectively. NCTC8325-4 cultures were incubated for 1 h and 8325-4PrecAgfp for 30 min at 378C, after which cultures were labelled with Hoechst 33342 and Nile Red (NCTC8325-4) or .
For co-visualization of SpoIIIE-YFP localization and the cell wall in 8325-4spoIIIE-yfp and 8325-4Dnoc spoIIIE-yfp cells, cultures were grown in TSB to OD 600 nm 0.4 and then incubated for 1 h with fluorescent D-amino acid (FDAA) HADA (250 lM) (Kuru et al., 2012) , at 378C with agitation. SpoIIIE-YFP fluorescence was imaged by 2D SIM, while 3D reconstruction SIM analysis was used to detect HADA signal and thus determine the aperture of the constricting septum. Importantly, we determined that incubation with HADA did not affect SpoIIIE-YFP pattern of localization since the number and localization of SpoIIIE-YFP foci was the same in HADA treated and non-treated 8325-4spoIIIE-yfp cells. Just before microscopy observation, all cultures were pelleted, re-suspended in 20 ml of phosphate-buffered saline (PBS) and 1 ml was placed on a thin film of 1.2% agarose in PBS.
A time-lapse microscopy experiment was performed to study PrecA activation and membrane/chromosome morphology in 8325-4DspoIIIE DftsK C PrecAgfp cells. For that purpose, an 8325-4DspoIIIE DftsK C PrecAgfp culture was grown until OD 600 nm 0.3, 1 ml was pelleted and then resuspended in 20 ml of fresh TSB. About 1 ml of cells was placed on a thin layer of 1% agarose in TSB containing 1 lg ml 21 of Hoechst 33342 and 1 lg ml 21 of FM5-95. The cells were imaged by SIM in 10 min intervals.
Epifluorescence microscopy was performed using a Zeiss Axio Observer.Z1 microscope equipped with a Photometrics CoolSNAP HQ2 camera (Roper Scientific), using Metamorph software (Molecular Devices). Analysis of epifluorescence images was performed using Metamorph and ImageJ software.
Structured Illumination Microscopy (SIM) was performed using an Elyra PS.1 microscope (Zeiss) with a PlanApochromat 633/1.4 oil DIC M27 objective. Images were obtained using either 3 or 5 grid rotations, with 34 lm grating period for the 561 nm laser, 28 lm period for the 488 nm laser and 23 lm period for the 405 nm laser. Images were acquired using a sCMOS camera and reconstructed using ZEN software (black edition, 2012, version 8.1.0.484) based on a structured illumination algorithm (Heintzmann and Cremer, 1999) . 
